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Abstract
Reverberant elastography provides fast and robust estimates of shear modulus; however, its reliance
on multiple mechanical drivers hampers clinical utility. In this work, we hypothesize that for
constrained organs such as the brain, reverberant elastography can produce accurate magnetic
resonance elastograms with a single mechanical driver. To corroborate this hypothesis, we performed
studies on healthy volunteers (n = 3); and a constrained calibrated brain phantom containing
spherical inclusions with diameters ranging from 4–18 mm. In both studies (i.e. phantom and
clinical), imaging was performed at frequencies of 50 and 70 Hz. We used the accuracy and contrast-
to-noise ratio performance metrics to evaluate reverberant elastograms relative to those computed
using the established subzone inversion method. Errors incurred in reverberant elastograms varied
from 1.3% to 16.6% when imaging at 50 Hz and 3.1% and 16.8% when imaging at 70 Hz. In contrast,
errors incurred in subzone elastograms ranged from 1.9% to 13% at 50 Hz and 3.6% to 14.9% at 70
Hz. The contrast-to-noise ratio of reverberant elastograms ranged from 63.1 to 73 dB compared to 65
to 66.2 dB for subzone elastograms. The average global brain shear modulus estimated from
reverberant and subzone elastograms was 2.36 ± 0.07 kPa and 2.38 ± 0.11 kPa, respectively, when
imaging at 50 Hz and 2.70 ± 0.20 kPa and 2.89 ± 0.60 kPa respectively, when imaging at 70 Hz. The
results of this investigation demonstrate that reverberant elastography can produce accurate, high-
quality elastograms of the brain with a single mechanical driver.

1. Introduction

Magnetic resonance elastography (MRE) is an imaging technique for determining the mechanical properties of
tissues noninvasively and in vivo (Muthupillai et al 1995), and the current gold standard imaging method for
diagnosing liver �brosis�(Yin et al 2007, Venkatesh et al 2013). Given the success of MRE in this application,
several studies are now focused on investigating MRE’s utility in other clinical applications. These include
improving the differential diagnosis of breast cancer (McKnight et al 2002, Sinkus et al 2007, Patel et al 2021),
identifying tears in skeletal muscles, (Dresner et al 2001), detecting pulmonary disease in lungs (Mariappan et al
2014), and diagnosing prostate cancer (Brock et al 2015). MRE could also prove helpful in assessing the
progression of Alzheimer’s disease (Murphy et al 2011), Parkinson’s disease (Lipp et al 2013), multiple sclerosis
(Wuerfel et al 2010), brain integrity and microstructural changes in health and disease (Sack et al 2013), and
evaluating normal pressure hydrocephalus (Streitberger et al 2011, Freimann et al 2012). Li and colleagues
reviewed the crucial elements common to all successful magnetic resonance elastographic imaging systems (Li
et al 2014): appropriate mechanical stimulation of the organ under investigation, acquiring wave images with a
good signal-to-noise ratio (SNR), and computing robust estimates of shear modulus from the measured wave
�elds. In this work, we focus on the third element, i.e. ef�ciently computing shear modulus.
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Researchers have proposed different approaches for computing shear modulus that vary in accuracy and
computational ef�ciency (Doyley 2012). One method computes shear modulus directly from local estimates of
wavelengths (Manduca et al 1996). Although this is computationally ef�cient, estimating the wavelength in
complex organs, such as the brain, is dif�cult because waves re�ecting from the skull and internal structures
superimpose to create complex shear wave �elds (Muthupillai et al 1995). The local frequency estimator (LFE) is
an alternative method for estimating shear modulus (Knutsson et al 1994, Kruse et al 2000, Hu 2020). Like the
local wavelength estimation (LWE) approach, the LFE method is computationally ef�cient but produces
erroneous shear modulus when applied to complex wave �elds (Hiscox et al 2016). Hu et al (2020) proposed an
enhanced local frequency estimator (ELFE) that used directional �lters to eliminate undesirable re�ections.
They demonstrated that ELFE produced more accurate shear modulus estimates than the conventional LFE
approach and reduced far-�eld artifacts (i.e. artifacts in regions far from the wave source). Researchers have
proposed several direct inversion algorithms to overcome challenges incurred when estimating shear modulus
with either LWE or the LFE approach by algebraically solving for the complex shear modulus from the
Helmholtz equation (Manduca et al 2001, Oliphant et al 2001, Papazoglou et al 2008, Barnhill et al 2018).
Although these direct inversion schemes are fast and accurate, they are more susceptible to noise than the LFE,
LWE, or ELFE methods (Hu 2020) investigated the impact of measurement range on two shear modulus
estimation approaches, the algebraic-inversion-of-differential-equation (AIDE) and the local frequency
estimator. Using the wavelength-to-pixel size ratio performance metric, they revealed that AIDE incurred
signi�cant errors when the wavelength-to-pixel ratio was less than 10. In contrast, the LFE method incurred
errors only when the wavelength-to-pixel ratio was less than 2, showing its superiority over the AIDE method.
To improve the robustness of the direct inversion method (Barnhill et al 2018), developed a multi-frequency
inversion approach that incorporates �rst-order gradients and combines shear modulus estimates from a
narrow range of frequencies. Researchers have also used �ltering schemes to enhance performance (Scott et al
2020). However, excessive �ltering degrades spatial resolution. An arti�cial neural network has recently been
used to reconstruct the shear modulus distribution (Scott et al 2020). Neural networks should provide fast and
reliable shear modulus estimates once the neural network is suf�ciently trained; however, their performance in
different clinical scenarios has yet to be revealed. Iterative inversion methods offer the opportunity to model
heterogeneous, viscoelastic tissues appropriately (Van Houten et al 1999, 2001a, Doyley et al 2000, 2010). This
inversion approach is robust but computationally expensive, requiring several hours to compute high-
resolution elastograms. Our long-term objective is to integrate MRE into our clinical work�ow. More
speci�cally, to develop methods to provide accurate MR shear modulus elastograms at the MR console when
imaging the brain.

This paper revisits the local wavelength estimation approach by considering the shear modulus estimation
problem as a reverberant problem. More speci�cally, we seek to estimate the local wavelength of complex wave
�elds using a technique known as reverberant elastography. Reverberant elastography uses multiple point
sources to generate complex wave �elds (Parker et al 2017); the resulting wave �elds’ autocorrelation function
provides reliable local wavelength estimates. However, utilizing many mechanical drivers to produce complex
wave �elds can hamper clinical utility. More speci�cally, performing MRE with multiple drivers is impractical
for many clinical applications and could prove uncomfortable for patients. In this work, we hypothesize that we
can produce reliable elastograms with a single mechanical driver in constrained organs such as the brain, where
complex wave �elds are generated naturally. This hypothesis was based on the observation that the skull has
many surfaces that act as point mechanical sources (Clayton et al 2012, Smith et al 2020). To corroborate this
hypothesis, we performed studies on a constrained gelatin phantom and healthy volunteers (n = 3). We used a
similarity metric to quantify the degree of reverberance induced in different displacement components. We
evaluated the performance (accuracy) of reverberant elastograms relative to those computed using the subzone
inversion method (Van Houten et al 2001a, Doyley et al 2010). Also, we assessed the feasibility of recovering
shear modulus from a single component of the reverberant wave �eld, because doing so would overcome a
limitation of the subzone inversion method that requires the entire 3D displacement �eld to produce reliable
elastograms. Currently, the 3D displacement �eld is acquired by applying a phase contrast pulse sequence
(Weaver et al 2001) three times, one for each component. Reverberant elastography could reduce MRE
acquisition time (by a factor of three) if it produced accurate elastograms from a single displacement
component.

2. Materials and methods

2.1. Reverberant shear wave elastography
The general principles of reverberant elastography have been previously described (Ormachea et al 2018, 2019,
Zvietcovich et al 2019, Ormachea and Parker 2021); therefore, in this section, we provide a summary of the
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a regularization value of 1 e�7 were also employed during subzone reconstructions. A homogeneous trial
solution (shear and lambda moduli of 0.33 kPa and 33 kPa, respectively) was assumed at the start of all subzone
reconstructions. Reconstructions were terminated either after 100 global iterations or when the relative error of
the global objective function did not decrease signi�cantly (2%) for 10 consecutive iterations, whichever
condition occurred �rst. In general, it took 7 h to compute subzone elastograms and 3 min to compute
reverberant elastograms on an Intel Xeon Gold 6330 CPU computer system (20 cores) running at 2 GHz (Dell
Technologies, Round Rock, Texas USA).

Figure 1. (a) Photograph showing the elastic brain-shaped phantom used in the experimental studies (side view), (b) Top view of the
phantom shown in (a). (c) Experimental setup used for phantom imaging, showing the 20-channel head coil used for MR imaging and
the pneumatic mechanical driver used to induce shear waves within the phantom. The pillow driver (blue insert) used for clinical
imaging is shown in (d).

Table 1. Concentration by weight of the materials used to fabricate elasticity phantom.

Gelatin (%) Water (%) Copper-sulphate (%) Actual shear modulus (kPa)

Background 8 92 0 3.34 ± 0.04
Inclusions 18 81.64 0.36 8.15 ± 0.05

Table 2. MRE scanning parameters used in the phantom studies.

Frequency (Hz) Actuator amplitude (%) Gradient amplitude (mT/m) Number of gradients

50 6 8 1
70 14 20 2
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3. Results

The proceeding subsection reports the results of experiments conducted on heterogeneous phantoms and
volunteers to evaluate the performance of reverberant elastograms relative to subzone elastograms.

3.1. Phantom studies
3.1.1. Quantitative assessment of induced displacement �elds when imaging at 50 Hz and 70 Hz
Figures 2(b)–(g) shows representative displacement maps obtained from the central slice of a phantom
containing spherical inclusions with diameters of 4 mm, 12 mm and 18 mm. Only two inclusions (12 mm and 18
mm diameter) were visible in the MR magnitude image (�gure 2(a)). Performing elastographic imaging at 50
and 70 Hz produced time-harmonic displacements (see �gures 2(b)–(g)) with OSS-SNR values of 54 and 51,
respectively. Figures 3(a)–(f) shows examples of transects in the X, Y, and Z axes of the measured and
theoretically derived autocorrelation functions corresponding to the rectangular region shown in (�gure 2(b))

Figure 2. Images obtained from the central plane of a partially constrained phantom containing 18 mm, 12 mm and 4 mm diameter
spherical inclusions. (a) MR magnitude image and time-harmonic displacements obtained when performing elastographic imaging
with vibrations frequencies of 50 Hz (b)–(d) and 70 Hz (e)–(g).

Table 3. MRE scanning parameters used in the clinical studies.

Frequency (Hz) Actuator amplitude (%) Gradient amplitude (mT m�1) Number of gradients

50 13 70 1
70 25 70 1
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when imaging at 50 Hz ((a), (c), (e)) and 70 Hz ((b), (d), (f)). The percentage of reverberant pixels (i.e. pixels
whose similarity matrix exceeded 80%) in the X, Y, and Z displacement components was 89%, 88% and 91%,
respectively, when imaging at 50 Hz. Similarly, the percentage of reverberant pixels in the X, Y, and Z
displacement components was 92%, 91% and 88%, respectively, when imaging 70 Hz. Although the measured
wave �eld appears to be more reverberant when imaging at 70 Hz, statistical evaluation of the wave �elds
computed with the Kolmogorov-Smirnov test showed no statistically signi�cant difference (p > 0.05) in wave
�elds obtained at 50 and 70 Hz.

3.1.2. Assessment of reverberant (composite and those computed from a single displacement component) and subzone
elastograms
Figures 4(a), (b), (f), (g) shows reverberant and subzone elastograms corresponding to the displacement maps
shown in �gures 2(b)–(g). The 12- and 18 mm diameter inclusions were discernible in both sets of elastograms
(reverberant (�gure 4(b), (g)) and subzone (�gure 4(a), (f))) when imaging at 50 and 70 Hz. Figures 4(c), (d), (e),
(h), (i), (j) shows the reverberant elastograms computed by applying the reverberant method to individual
components of displacements estimates when imaging at 50 Hz (�gures 4(c), (d), (e)) and 70 Hz (�gures 4(h), (i),
(j)). Although both inclusions were visible in elastograms computed using individual reverberant displacement
components, artifacts corrupted some elastograms, and the 12 mm diameter inclusion’s visibility depended on
the displacement component employed. Figures 5(a), (b), (c) shows the accuracy of the recovered shear modulus
of the inclusions (18 mm and 12 mm diameter) and surrounding background gel. The mean shear modulus of
the 18 mm inclusion estimated from composite reverberant elastograms (created by averaging elastograms

Figure 3. Measured and theoretically computed autocorrelation pro�les within the white rectangular box region shown on �gure 2(b)
when imaging at 50 Hz (a), (c), (e) and 70 Hz (b), (d), (f). The solid lines represent the measured autocorrelation pro�les, and the
dashed line represents the theoretical pro�les computed from the X (blue), Y(red), Z(green) displacement components.
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computed from individual displacements) and subzone elastograms was 6.8% higher and 1.9% lower
respectively than its actual value when imaging at 50 Hz (�gure 5(a)). For reverberant elastograms, the mean
shear modulus of the 18 mm inclusion computed from the X, Y and Z components of displacements was 1.3%,
3.3% and 14.1% higher than the actual modulus. The mean shear modulus of the 12 mm diameter inclusion
(�gure 5(b)) estimated from subzone elastograms was 2.6% lower than the actual value when imaging at 50 Hz.
Composite reverberant elastograms and elastograms computed from the X, Y and Z displacement components

Figure 4. Shear modulus elastograms reconstructed from the motion �elds shown in �gure 3 in units of [Pa] using the reverberant
method and overlapping subzone inversion method. The �rst row (a), (f) shows examples of elastograms computed by applying the
subzone inversion method to displacements obtained when imaging at 50 Hz and 70 Hz, respectively. The second row (b), (g) shows
the corresponding composite reverberant elastograms computed from individual displacement components. The remaining rows
(3–5) show reverberant elastograms calculated from each displacement component (x), (y), and (z).
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underestimated the shear modulus of the 12 mm diameter inclusion by 14.1%, 16.6%, 15.3 and 4.3%,
respectively. We observed a similar trend for the estimated shear modulus of the background gel �gure 5(c). In
this case, the composite reverberant inversion was more accurate than the subzone inversion, and the most
accurate reverberant elastograms were estimated from the Y displacement component. Figure 5(d) shows the
CNR computed from the elastograms shown in �gures 4(a)–(j). The CNR of subzone elastograms was
comparable to those produced with the reverberant inversion method. The CNR of composite reverberant
elastograms and those computed from the X displacement yielded the highest and lowest CNR, respectively,
when imaging at 50 or 70 Hz.

3.2. Clinical studies
3.2.1. Quantitative assessment displacement �elds induced within the brain when imaging at 50 Hz and 70 Hz
Figures 6(a)–(r) shows representative examples of MR magnitude images and MR elastograms obtained from a
healthy brain. Like the phantom studies, there was no statistically signi�cant difference (p > 0.05) in wave �elds
obtained when imaging at 50 and 70 Hz. The levels of reverberance incurred in the brain were comparable to
those incurred in the phantoms. More speci�cally, the percentage of reverberant pixels in each displacement

Figure 5. (a)–(c) shows the error incurred in shear modulus recovered from the 18 mm inclusion, 12 mm inclusion, and the
background. Negative and positive error represents an underestimation and overestimation of the actual shear modulus, respectively.
(d) shows the CNR of the recovered elastograms on a dB scale.

Figure 6. MR magnitude images (a)–(f) and shear modulus (g)–(r) elastograms recovered from a healthy volunteer when imaging at 50
Hz and 70 Hz. Recovered composite reverberant (g)–(i) and subzone (m)–(o) elastograms when imaging at 50 Hz. Composite
reverberant (j)–(l) and subzone (p)–(r) elastograms recovered when imaging a 70 Hz.
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displacement components was comparable to those calculated using the subzone inversion method. The clinical
study results were consistent with those of the phantom study (i.e. the performance of reverberant and subzone
elastograms was comparable) and suf�ciently encouraging enough to warrant further evaluation with a larger
cohort of subjects.
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